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ABSTRACT 
Inside film heat-transfer coefficients are reported for the 
non-wetted flow of water in a teflon-lined aluminum tube and also for 
the wetted flow of water plus a wetting agent in the same tube. The 
results obtained are compared with those obtained for the wetted flow 
of water in a similar, unlined tube. 
A visual method of qualitatively determining the difference 
in the velocity and stability of flow near wetted and non"""Wetted surfaces 
by microscopic analysis is described. Evidence obtained by this method 
of analysis is given to support the author's theory that a higher velocity 
and greater degree of instability within the laminar sublayer are the 
cause of higher film heat-transfer coefficient obtained in non-wetted 
flow in this investigation. 
,. -""'""""'"'-----~ ........ ,-~----··· 
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INTRODUCTION 
In recent years the advent of liquid-metal heat-transfer media 
has aroused an intense interest in the phenomenum of non-wetting. Liquid 
metals such as sodium and mercury do not wet the surface of most metallic 
tubes. Vast experimentation has been recently carried out in the field 
of liquid-metal heat transfer, and the results of these investigations 
leave much to be desired in the correlation of non-wetted-flow heat-
transfer data. Disagreement among such experimentation has been attri-
buted entirely to the phenomenurn of non-wetting. 
The investigators who have done experimentation with liquid-
metal systems can be divided into three classes (10): 
1. Investigators who find a definite physical effect 
upon wetting. 
2. Investigators who find no physical effect upon 
wetting. 
3. Investigators who are divided in opinion. 
Of these three schools of thought, those investigators who find 
no physical effect upon wetting are, by far, in the minority. The inves-
tigators who do find a physical effect upon wetting agree that heat-
transfer rates increase sharply in liquid-metal systems upon transition 
from non-wetted to wetted flow. Such investigators have reported increased 
rates of 25 - 250% upon wetting (10). 
Several theories have been advanced by these investigators to 
explain the observed lower rates for non-wetted flow: 
1. A metallic oxide film which hinders heat transfer 
is formed on the surface of the non-wetted heat-
transfer conduit (12). 
------·--·--------·----· ··~ ___ ,... __ .......... ~. -·-----···~·-···-
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2. Gas entrainment in the liquid-metal and gas 
absorption on the walls of non-wetted conduits 
cause an added resistance to heat transfer (5). 
3. An electrical resistance which has definitely been 
observed at the non-wetted interface also resists heat transfer (13). 
It appears that at least two of the above theorized resistances 
to heat transfer in non-wetted systems are characteristics of liquid 
metal systems - the metallic oxide film and the electrical resistance. 
Also, it is quite probable that the gas entrainment in fluids other than 
liquid metals, such as water, will cause an insignificant resistance to 
heat transfer. There are, in fact, other non-wetted systems which may 
be used to study the phenomenwn of non-wetting. Teflon (a DuPont trade 
name for tetrafluoroethylene) is not wetted by water (contact angle 110°) 
(3). Also, glass treated with dimethyldichlorosilane is not wetted by 
water ( contact angle 95 °) • Either of these two systems may be effectively 
utilized to study non-wetted heat transfer or fluid flow. There may even 
be an advantage in using either or both of these two systems, in that 
the phenomena which theoretically cause lower heat-transfer rates in 
liquid-metal systems are probably eliminated. 
,_ 
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THEOREI'ICAL BACKGROUND 
Tausch (12) and Fritz (4) did previous research at Lehigh 
University on non-wetted flow using the teflon-water system. Tausch 
found that Fanning friction factors for flow of water in teflon tubes 
were not significantly different than those for wetted flow in smooth 
tubes. Therefore, by the heat and momentum analogy, no difference between 
heat-transfer rates should be found in wetted and non-wetted flow. Fritz 
attempted to measure inside film coefficients for water flowing in and 
steam condensing on teflon conduits. He obtained very erratic results 
due to the elasticity and high heat transfer resistance of the walls of 
the teflon tubes used. He arrived at no conclusions concerning inside 
film coefficients in non-wetted flow. 
Since it is extremely difficult to ~easure inside-wall surface 
temperatures in conduits, it is correspondingly difficult to measure 
inside film heat-transfer coefficients in a conduit by a direct means. 
There is an indirect means of measuring inside film heat-transfer co-
efficients, however, which involves analysis by the ililson Plot. 
Consider the rate of heat transfer from steam condensing on the 
outside of a horizontal tube to water flowing within the tube. 
The rate of heat transfer from the steam to the water is given by: 
q = hoAo (Ts- Tow)= hiAi (Tb- Tiw) = kAw (Tow- Tiw) (1) 
L 
The total resistance to heat transfer composed of the inside-
film resistance, the tube wall resistance, and the outside-film resistance 
is given as the sum of the individual resistances: 
- _______ : .:-- - -·--- -~- -· - .. _.:...._ :·_ --
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The rate of heat transfer may now be written in terms of the 
overall resistance and overall driving force: 
(3) 
If we multiply the numerator and denominator of equation (3) 
obtain: 
-q =-------
Ao AoL 1 
-+-+-
(4) 
hiAi kAw ho 
We can now def:ine an overall heat-transfer coefficient U0 by 
the equation: 
(5) 
By comparing equations (4) and (5), it is evident that: 
If the inside di~neter of the tube is large compared with the 
tube wall thickness, the ratios A0/Ai and Aof~ are approximately unity 
and equation (5) becomes: 
u ,: _ _.;;:l~--
0 1 L 1 
-+-+ -hi k h0 
(7) 
For the case we are considering, the outside film coefficient 
for the steam condensing on the outer surface of the tube will be approxi-
mately constant. Also, the tube wall resistance will be constant. 
' . j'i:, 
. , ~ - .. ·-·---------------·-· - -
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Thus, equation (7) may be written: 
l l L 1 1 
- = - + - + - - B + - (8) U0 hj_ k h0 - hi 
where B = l/h0 + I/k = constant 
The inside film coefficient may also be written in terms of 
the properties of the flowing fluid in turbulent flow by the Dittus -
Boelter equation as follows: 
evD o.8 c M o.4 h.D/k = 0.023 (-) (.:::EL.) (9) 
·-i ~ k 
All physical properties in the above equation are evaluated 
at the bulk temperature of the flowing fluid. 
If the temperature and pressure of the flowing water in the 
system does not change appreciably throughout the tube, the physical 
properties of the water will remain approximately constant throughout 
the tube. Thus, the only variables in equation (9) are hi and v, and the 
equation can be simplified to: 
h, C 0.8 
.'1 = V (10) 
e D o.B r~ JJi o.4 
where C = Q,~23k (y) (T) = constant 
Putting equation (10) in equation (8) results in a simplified 
equation for the syst~~ considered: 
1 / o.s U = B + 1 Cv (11) 
0 
It is now apparent that we can analyze inside film coefficients 
by measuring simply the average velocity of flow through the· tube and the 
overall heat transfer coefficient. A plot can be made of l/U0 against 
l/v
0
•
8
• The intercept of this plot "With the 1/Do axis will be the con-
··;-~--~ 
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stant B, which represents the constant resistance of the tube wall and 
outside film coefficient. The slope of this so-called Wilson Plot will 
be the constant 1/C, which is the reciprocal of the inside film co-
efficient at a velocity of 1 ft/sec. 
Knowing the constant C, it is possible to express the inside 
film coefficient for the system considered as: 
h. = ev0•8 (10) 1 
.Fage and Townend (2) analyzed turbulent flow in conduits by a 
visual method. Using a dark-field method of illumination, they micro-
scopically observed the flow characteristics of water by noting the paths 
taken by the minute particles of impurities in the water. These tiny 
impurities appear as bright pin-points of light when viewed at rest with a 
microscope utilizing the dark-field technique. Their paths, when in 
motion, can be observed as bright streaKs of light. By visual analysis 
of fluid flow, it is therefore possible to obtain some measurement of the 
degree of instability and of the velocity profiles in the laminar sublayer. 
<· 
,', 
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DESCRIPTION OF APPARATUS 
A. Heat-Transfer Apparatus 
A schematic diagram of the heat-transfer apparatus used is 
shown in Figure 1. This apparatus consists of two cycles - a process 
water cycle and a steam cycle. 
In the process water recycle system, water from a 55 gallon 
storage drum is pumped into the calorimeter inlet by an Ingersol-Rand 
centrifugal pump. At the calorimeter inlet, baffles direct the water 
around the tube being tested, past the inlet mercury thermometer, and in-
to the tube. The process water leaves the tube by a similar means and 
flows through a rotometer. After flowing through the rotometer, it is 
discharged into the storage drum. The temperature rise the process water 
undergoes in passing through the calorimeter is compensated for by the 
a11tomatic addition of cold, city water. The process water in the storage 
drum is therefore maintained at a constant temperature of 80°F. The 
cold, city water added to the system is matched by the expulsion of pro-
cess water from the system by means of an overflow pipe on the storage 
drum. 
The second cycle in this system, the steam cycle, provides lovr 
pressure steam which condenses on the outside surface of the tube being 
tested at a temperature of 100°F. The steam-cycle originates in the 
evaporator, where high-pressure steam is passed through several reducing 
valves and into the evaporator to provide heat for the generation of the 
100°F saturated steam. The steam generated in the evaporator passes up 
through an Sn standard pipe into the calorimeter, where it is distributed 
over the tube to be te~_ted. A mercury thermometer in the an pipe at the 
}_ 
,_ 
( 
{._ 
}. 
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entrance to the calorimeter is used to measure the saturated steam tem-
perature. The steam velocity in the calorimeter is maintained by baffling 
I 
at approximately 120 ft/sec. Condensate formed in the calorimeter is 
returned directly to the evaporator, while the uncondensed steam is con-
densed and cooled below the saturation point in a single shell pass, double 
tube pass, water-cooled condenser. The entire steam cycle is maintained 
at a pressure of approximately 1 psia by a Nash-Hytor, water-sealed, 
vacuum pump attached to the system through the condenser. 
The terr,perature control on the inlet water and the saturated 
steam produced is accomplished with a Minneapolis-Honeywell dual pneumatic 
recorder controller. This instrument is connected to two one-half inch 
air-pressure-activated control valves, powered by compressed air at 
15 psig from an Ingersol-Rand compressor and air reservoir. The steam 
cycle control valve is located in the outlet line from the main condenser, 
while the sensing element controlling this valve is located in the 8
11 
standard pipe which carries the process steam to the calori.~eter. The 
control valve for the water cycle is located in the city water line 
leading into the storage drum, with the sensing element located in the 
water recycle line beyond the rotometer. 
The three thermometers used in the calorimeter were calorimeter 
grade thermometers with 0.1 °F minimum divisions. These thermometers 
had been calibrated in previous work against an identical ther;nometer 
certified by the National Bureau of Standards. Temperatures could be 
estimated to 0.01 °F. 
+ .. 
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B. Fluid Flow Apparatus 
A schematic diagram of the simple fluid flow system used is 
shown in Figure 2. City tap water flows through a one-half inch standard 
pipe into a 20 gallon constant head tank and calming section. The inlet 
rate of flow is controlled by a one-half inch globe valve situated near 
the inlet to the tank. The open tank is divided into two sections by a 
perforated-plate baffle, so that the tap water will be completely de-
pressurized and all air bubbles present in the tap water will be expelled 
in its flow through the tank. An overflow on the tank provides a con-
stant head of water at all times. 
The depressurized water leaves the tank through a one-half 
inch standard pipe in the bottom of the exit section and passes directly 
into a 0.6511 I.D. glass tube where flow is being observed. Another one-
half inch globe valve at the exit of the tank controls flow through the 
glass tube. The lOOx Bausch & Lomb microscope used to visually observe 
the flow is situated at a distance of 50 tube diameters d~,mstream from 
the entrance to the tube. After'flowing through the glass tube, the 
water is discharged to a drain. No water is recycled. 
C. Lighting System for ¥ucroscopic Observation of Fluid Flow 
The method of illumination used for the microscopic observa-
tions of fluid flow is sketched in Figure 3. A 12-volt light is used 
as the source of illumination. The light from this source is condensed 
by a single condensing lens and reflected by a mirror onto the surface 
of the glass tube. Since all the direct light must be prevented from 
entering the microscope, the entire glass tube is covered with black 
electrical tape from a point two inches above the point of observation 
INLET 
:TAP 
WATER 
OVERFLOW 
TO 
DRAIN 
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to a point two inches below the point of observation. Two holes are then 
cut into the electrical tape - one hole about 1/3211 in diameter at the 
point where the condensed and reflected light strikes the tube, and another 
larger hole directly beneath the microscope, to allow for observation of 
flow in the tube. As can be seen from Figure 3, the net effect of this 
is to blot out all light from the glass tube except for a beam of light 
about 1/32" wide which passes through the tube wall, through the flowing 
water, and to the point near the tube wall where visual observation of 
flow is to be made. This beam of light is so refracted as it leaves the 
tube that none of it enters the microscope as direct light. 
-12 VOLT LIGHT 
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MIRROR 
PROCEDURE 
A. Preparation and Installation of the Teflon-Lined Aluminum Tube Teste
d 
The tube tested in this experimentation was an ordinary 7/811 
O.D. x 18 B\VG aluminum condenser tube, which had been coated with a 0.0751
1 
paint of tenon by the Electro-Chemical Engineering Company in Emmaus, 
Pennsylvania. Before actual heat-transfer data was obtained using this 
tube, a test was made to see if the teflon paint was actually not wetted
 
by water. The contact angle for water on the teflon paint lining was 
measured and found to be 110°, indicating that the teflon paint was, in 
fact, not wetted by water. 
Before the tube was inserted in the calorimeter, the outside 
surface was polished to a high luster and the inside tenon coating was 
cleaned with carbon tetrachloride to remove any dirt or grease present. 
The cleaned tube was then installed in the calorimeter, and the packing 
glands sealed to prevent leakage of water into the evaporator. 
B. Collection of Heat-Transfer Data 
After the teflon-lined tube was inserted in the calorimeter 
and the packing glands were found not to leak, the air supply for the 
temperature controller, and the controller itself, were started. Next 
the high-pressure steam and the city water valves were opened. Then the
 
vacuum and water pumps were started; and, finally., the flow of water was
 
adjusted to the desired rate. The system was then allowed to operate 
for approximately two hours to purge the non-condensable gases in it and
 
to come to a state of equilibrium before any data were taken. 
~· 
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After sufficient time had elapsed for the system to be purged 
and come to an equilibriwn state, the inlet and outlet water temperatures 
and the condensing steam temperature were observed every ten minutes. 
When two successive sets of readings were found not to vary, these tem-
peratures and the rotometer reading were recorded. The flow rate of the 
water was then reset and the system allowed to stabilize for at least 
half an hour before observations of temperatures in the system were again 
made. In this manner the data shown in Tables 1 and 2 were taken. The 
Reynolds Nwnber of the water was varied from 15,000 to 105, 000 in the 
teflon-lined tube. 
The data in Table 1 were taken on the same day that the tube 
was inserted in the calorimeter, while the data of Table 2 were taken 
three days later. After the data shown in Table 2 were taken, the tube 
was removed from the calorL~eter. It was noted that a heavy scale had 
formed on the outside tube surface. 
In an effort to duplicate inside film coefficients obtained in 
previous work for a similar, uncoated alumin~~ tube, the teflon-lined 
tube was again tested as above. However, in these runs a detergent 
wetting agent was added to the process water, so that the teflon surface 
was now fully wetted by the water-detergent solution. During these runs 
the detergent wetting agent was added to the process water in the storage 
drwn intermittently, so that the concentration of wetting agent in the 
process water remained about constant at 0.05%w. 
C. Visual Observations of Fluid Flow Within the Boundary Layer 
The inlet water valve to the constant head tank was opened and 
water was allowed to fill the tank. The outlet valve from the constant 
Rnn 
Number 
1 
2 
3 
4 
5 
TABLE I 
Heat-transfer data of December 9, l959, for non-wetted fl01v of water 
through and steam condensing on a 7/8tt O.D. x l8 BWG aluminum tube coated internally 
with 0.075" teflon. 
Inlet Water Outlet Water Stea..'Il Rotometer Water Uo 
Temperature Temperature Temperature Reading Velocity BTU (OF) (OF) -( OF) (Randomized) (ft/sec) (hr. °F. f't) 
80.20 85.20 100.02 147 5.88 
726 
80.15 83.30 100.00 320 12.88 
948 
80.0.5 82.30 99.97 530 22.16 
1126 
79.60 82.95 100.08 297 ll.90 
930 
79.45 82.lO l00.04 426 17.44 
l023 
I-' 
~ 
Run 
Number 
6 
1 
8 
9 
10 
ll 
TABLE II 
Heat-transfer data of December 12, 1959, for non-wetted flow of water 
through and steam condensing on a 7/8 11 o.r:. x l8 BWG aluminum tube coated internally 
with 0.075" te:flon. 
Inlet Water Outlet Water Steam Rotometer 
Water Uo 
Temperature Temperature Temperature Reading 
Velocity BTU 
(OF) (OF) (CF) (Randomized) (ft/sec) <nr. •F. It,) 
79.45 82.80 l00.00 255 
6.95 775 
79.30 81.95 99.91 365 
10.06 870 
8l.15 87 .os 100.12 88 2.48 
576 
79.75 83.45 l00.06 220 5.96 
750 
79.30 81.55 99.97 468 13.15 
946 
80.65 85.85 100.lO 116 3.20 
621 
I-' 
co 
Run 
Number 
l. 
2 
3 
4 
5 
6 
7 
8 
9 
lO 
.: ... ~:. ,- .. 
TABLE III 
Heat-transfer data of May 20, l960, for wetted flow of water plus wetting 
agent through and steam condensing on a 7/8 11 O.D. x 18 ffNG aluminum tube coated 
internally with 0.075" teflon. 
Inlet Water Outlet Water Steam Condensing Rotometer Water 
Temperature Temperature Temperature Reading Velocity (OF) (OF) (OF) (Randomized) (ft/sec) 
80.05 84.90 lOO.J.h l8S 5.06 
79.80 83.05 lOO.Ol 297 8.09 
79.65 82.00 99.66 426 ll.86 
81.25 85.80 lOO.l4 130 3.56 
79.45 82.95 100.04 2.55 6.9.5 
79.25 82.lO l00.03 365 l.0.06 
79.75 83.50 lOO.lO 220 5.96 
79.l5 8l.50 lOO.Ol 46B lJ.l.5 
80.20 84.S5 l00.04 138 3.78 
80.00 8l.90 99.95 530 l.5.07 
Uo 
BTU (hr.°F. ft,) 
750 
888 I-' '-0 
925 
613 
810 
928 
759 
983 
58.5 
940 
~ 
l 
' ' . ,· 
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head tank was then adjusted so as to give the desired rate of flow through 
the glass tube. Flow was measured by the direct method of weighing the 
amowit of water collected in a bucket in three minute time intervals. 
When the desired flow rate was obtained, the 12 volt light 
source was turned on and the lighting system was adjusted as described 
in Part C of the Description of Apparatus of this thesis. The microscope 
was then adjusted so as to focus on the inside wall of the glass tube. 
This was done by bringing the minute scratches on the inside wall of the 
tube into focus. 'tfith the microscope thus focused, observations were 
made of the slowest particles moving across the microscope screen. The 
slowest particles in most cases moved so slowly that the time required 
for them to cross the screen could be measured with a stopwatch. Since 
some quantitative measure of the instability of flow was desired, the 
average amplitude of fluctuation of the observed particles (which moved 
in a modified sinusoidal path) was recorded. A sketch was made of the 
paths taken by typical particles as they were observed crossing the 
microscope's screen. The focal depth of the microscope was approximately 
0.005 mm, so that the particles that were in focus when the microscope 
was focused on the inside tube wall were at a distance no greater than 
0.005 mm from the tube wall. 
The microscope used was equipped with a fine adjustment mechanism 
having a vernier scale calibrated in divisions of 0.002 m.m. After the 
observation closest to the wall had been made, three subsequent obser:-
vations were made at distances of 0.01, 0;02, and> 0.04 mm from the tube 
wall. Focusing the microscope at these points was accomplished by 
utilizing this fine adjustment mechanism. Before recording the average 
amplitude of fluctuation of the particles or making any sketches of the 
.: 
'/ 
; 
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particle paths, at least ten minutes was spent on each observation. 
Observations were made of flow at three different Reynolds 
Numbers - 2700, 3170, and 7200. In addition to this, the Reynolds 
Number at which the particles< O.OOS mm from the wall first showed devi-
ation from a straight-line path was determined and recorded. 
After the above observations had been made for the wetted flow 
of water in the 0.65 11 I.D. glass tube, the tube was removed from the 
apparatus and the iriside surface was made non-wetted to water by the 
following procedure: 
1. Treating with cleaning solution. 
2. Washing with detergent. 
J. Refluxing with dimethyldichlorosilane. 
4. Washing with detergent. 
5. Vliping the inside surface with a clean cloth. 
The tube was then installed again in the fluid. flow apparatus 
and the same set of observations of the non-wetted flow of water in this 
tube were carried out as were described above for wetted flovr. The same 
point in Uie tube was used for visual observations of both wetted and 
non-wetted flow. The results of these observations are given in Figures 
8 - 13. 
22 
DISCUSSION OF RESULTS 
A. Results of Heat-Transfer Experimentation 
The data collected in experimentation with the 7/811 O.D. x 18 BWG, 
teflon-coated, aluminum tube a.re given in Tables 1-3, together with over-
all heat-transfer coefficients calculated from these data. Wilson Plots 
made from these data are shown in Figures 5 and 6. Figure 4 shows a 
Wilson Plot made from data taken from previous work (7) for an identical, 
unlined aluminum tube. In Figure 7 the i'filson Plots of Figures 4-6 are 
combined for illustrative purposes. 
The slopes of the above Wilson Plots were determined to find 
the applicable equations for the inside film coefficients in each case. 
These equations were found to be: 
h. = 440 VO.S 
1. 
h. = 340 v0•8 
1. 
h. = Jl2 VQ.S 
1. 
(Non-wetted flow from Figure 5) 
(Wetted flow of water plus wetting agent 
from Figure 6) 
(Wetted flow in unlined tube from Figure 4). 
The Dittus-Boelter equation was also solved for turbulent flow in this 
system and was found to be: 
h. = 310 v0•8 
1. 
As can be seen from the above equations, the inside film co-
efficients for non-wetted flow were found to be 29.4% greater than those 
for wetted flow of water plus wetting agent, 41.1% greater than those for 
wetted flow in the unlined tube, and 42.0% greater than those calculated 
from the Dittus-Boelter Equation. Since the inside film coefficients 
found for wetted flow in the teflon-lined tube were almost the same as 
J 
., 
,. 
f· 
,· 
.I 
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those found for wetted flow in the unlined tube, the higher film 
coefficients found for non-wetted flow must be attributed to the phen-
omenum of non-wetting. 
Referring to Figure 7, some interesting comments may be made. 
The distance ab between the intercepts of curves 2 and 4 and curve 1 is 
apparently the resistance to heat transfer of the teflon lining. The 
distance b c is evidently the resistance of the scale formed on the out-
side of the teflon-lined tube when it was allowed to remain in the 
calorimeter for three days between tests. Since curves 2 and 3 are 
parallel, however, the inside fiL~ coefficients were the same for both 
sets of non-wetted runs. 
The foregoing results indicate that in the teflon-water system, 
there is a definite physical effect caused by non-wetting; and this 
• 
physical effect is such as to produce higher film heat-transfer coeffic-
ients on the non-wetted teflon surface. 
B. Results of Fluid Flow Observations 
Typical particle traces observed with a lOOx microscope for 
wetted and non-wetted flow in a 0,65" I.D. glass tube at Reynolds Numbers 
of 2700, 3170, and 7120 are given in Figures 8-13, The distances from 
the wall at which flow was observed were < 0.005 mm, 0.01 mm, 0.02 mm, 
and> 0.04 rmn. 
From these observations it was found that the velocity and 
instability of flow within the laminar sublayer were greater for non-wetted 
than for wetted flcn1. Comparison of the visual observations for wetted 
and non-wetted flow with one another at the same Reynolds Number and the 
i 
.. 
~ 
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FIGURE 4 
WILSON PLOT FOR VvATER FLOWING THROUGH AND 
STEAM CONDENSING ON A 7 /B" Oo Do x 18 :ffil\TG ALUMINUM 
TUBE 
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FIGURE 5 
WILSON PLOT FOR WATER FLOWING THROUGH AND 
. STEAM CONDENSING ON A 1rEFL0~=1INED9 7/8" OoDo X 
18 BWG ALUMINUM TUBE 
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FIGURE 6 
WILSON PLOT FOR WATER PLUS WETTING AGENT 
FLOWING THROUGH AND STEAM CONDENSING ON A "7/8" Oo Do 
x 18 BWG ALUMINUM TUBE LINED WITH TEFLON 
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FIGURE 7 
WILSON PLOT FOR WATER FLOWING THROUGH AND 
STEAM CONDENSING ON A 7 /8" Oo Do x 18 BWG ALUMINUM 
\ . 
TUBEo COMBINATION OF FIGURES 4 11 5 9 and 6 
·1 60 :·----------. 
- t,, ,! j 
lo20 \ · 
X 1000 
Oo,40 ··" 
0.20 
OoOO laOO 
CURVE l=WETTED FLOW THROUGH 
UNLINED TUBE 
CURVES 2&3=NONWETTED FLOW 
THROUGH TEFLON= 
LINED TUBE 
CURVE 4=WETTED FLOW THROUGH 
TEFLON=LINED TUBE 
3o·OO 
l/v0'9 X 10 
.• < 
! 
5o00 
,'j 
.. f;L; 
::.'.'i.; ( ;jff 
:i. j 11(.j ·, {, t\fJ 
:#;! 
"· ~\! 
l;.··Jklli'. r: iJ/ii:: . 
" JJq, 
iii 
'.: i·1}lf . 
. &·. 
J:ii:' '' 
Y:':,i' 
' 
\ 
28 
same distance from the wall showed that in all cases the average amplitude 
of fluctuation of the particles in non-wetted flow was greater. In 
addition, the velocity of the slowest observable particles, < 0.005 mm 
from the wall, was found to be greater in all cases at the same Reynolds 
Number for non-wetted flow. 
In non-wetted flow it was noted that the particles moved in a 
more erratic or lljerky" ma.rm.er than in wetted flow. At times, whole 
groups of particles were observed to be violently shifted sidewise. This 
sudden shift of particles was not apparent in wetted flow. 
The Reynolds Number at which the paths of the particles < 0.005 mm 
from the tube wall first showed signs of deviating from a straight-line 
path was determined. This value was found to be 2420 for wetted flow and 
2030 for non-wetted flow, indicating again a greater instability in 
non-wetted flow. Above this "critical" value of Reynolds Number, the 
particles ·within the laminar sublayer < 0.04 mm from the wall were all 
observed to move in modified sinusoidal paths, whose a.'Ilplitudes were de-
pendent on the value of the Reynolds l'!umber of the flowing water. At 
distances> 0.04 mm from the wall, the particles moved at such a velocity 
that their paths appeared no longer as modified sine waves, but as straight 
lines inclined at an angle to the axis of the tube. 
A calculation was made to see hoi.~ close to the tube wall visual 
observations were actually made. This calculation is given in the Sample 
Calculations of this report. The distance from the wall of the slowest 
observable particle as calculated from the von Karman relationships was 
-6 found to be 4.82 x 10 ft. or about 1/20,00011 from the tube wall, at a 
Reynolds Number of 3170. This is well within the laminar sublayer which 
.. 
.f 
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theoretically extends to a distance of 0.014" from the wall at this 
Reynolds Number. 
The particles observed for both wetted and non-wetted flow at 
all Reynolds Nwnbers did not move in and out of focus as they crossed the 
microscope screen. This indicates that the flow within the laminar 
sublayer is truly a laminar flow, with the particles moving in a single'/ 
plane of flow even though their paths in that plane are not straight-
line paths. 
No particles were observed at rest at the tube wall for either 
non-wetteo. or wetted flow. Since there was a noticeable higher velocity 
within the laminar sublayer for non--wetted flow, it appears that total 
slip definitely exists at the wall for non-wetted flow, and possibly 
even exists at the wall for wetted flow. 
-,'; 
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FIGURE 8 
• TYPICAL PARTICLE TRACES OBSERVED WITH lOOX MICROSCOPE 
FOR WETTED FLOW IN A Oo65w IoDo GLASS TUBE AT A REYNOLDS 
NUMBER OF 2700 
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FIGURE 9 
TYPICAL PARTICLE TRACES OBSERVED WITH !OOX MICROSCOPE 
FOR WETTED FLOW IN A Oo65fl IoDo GLASS TUBE AT A REYNOLTIS 
NU11/1B:fi:;R OF 3170 
Very little but ru~ticea:ble 
deviation from straightc,line 
path was observedo The slowest 
observed particles took 3-4 
seconds to cross the fieldo 
The average amplitud~ of 
fluctuation of the particles 
was 1/10 the die:meter of the 
fielda 
The average amplitude 
of fluctuatidh of the 
particles wa5 1/7=1/8 the 
diameter of the fieldo 
y>DoD4 mm 
Only tr~ces of particle~ 
were vis~ble a$ straight · 
lines inc.lined at -an angle 
to' the axis of the tubeo 
,'(, 
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FIGURE 10 
TYPICAL PARTICLE TRACES OBSERVED WITH A lOOX 
MICROSCOPE OF WETTED FLOW IN A Oo65" IoDo GLASS TUBE AT 
A REYNOU:S NUMBER OF 7120 
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o.ac.ill.a:.tion of the observed 
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y-:::Oo 01mm 
The average amplitude 
of oscillation of the 
particles was abQut 1/8 
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FIG-lJRE· 11 
TYPICAL PARTICLE TRACES OBSERVED WITH A lOOX 
N1ICR0SCOPE OF NON=WETTED FLOW OF WATER IN A Oo 65i' IO Do 
GLASS TUBE AT A REYNOLDS NUMBER OF 2700 
y<Oo005 mm 
The particle~ were noteo 
to exhibit sudden sidew1BB 
fluctuations in velocityu 
T'he average amplitude of os= 
cillation was about 1/10 the 
diameter of the fi.eJd,, The 
slowest observed particles 
took 2 seconds to cross the 
.f':teldo 
The average a.mp] i tude 01' 
fluctuation of the particles 
was about 1/5 to 1/6 the 
diameter of the fieldo 
Sudden sidewise flue= 
tuations in velocity of the 
particles was apparent againa 
This was not observed in 
wetted-flowu The average 
. amplitude of fluctuation 
was about 1/6-1/8 the 
diameter of the fieldo 
y)Oo04 mm 
Only traces of the 
particles ~were viaable as 
straight lin~s inclined at 
an angle to the axis of the 
tubeo 
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FIGURE 12 
·TYPICAL PARTICLE PATHS OBSERVED WITH A 100 X 
1'.ICROSCOPE OF NON=WETTED FLOW OF WATER IN A Oo 65
11 
IO Do 
GLASS TUBE AT A REYNOLDS NUJVlBER OF 3170 
Many particles were noted 
to move in a ,jerky manner wlth 
''1 greatly varying veloci tJ,, The 
·.rerage amplitude of fluctua· 
.. ion of the particles was a.bout 
J. / 6 the diameter of the f leldo 
'l'he slowest observed particles 
l.ook one s~conrl to cross the 
field,; 
The particles were again 
noted to move in highly 
erratic and irregular paths o 
Whole groups of particles 
were at times thrust vi0lently 
sidewayso The average ampli~ 
tude of fluctuation of the 
particles was about 1/4 the 
diameter of the fieldo 
·----~ 
The particles were noted 
to move in highly erratic 
paths,, The average amplitude 
of oscillation was about 1/4 
the diameter of the fieldo 
y>Oo04 mm 
Only tr aces of particles 
were visable as straight 
lines at angl~s to the tube 
axis 
/ 
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FIGURE 13 
TYPICAL PARTICLE PATHS OBSERVED WITH A lOOX 
MICROSCOPE OF NON=WETTED FLOW OF WATER IN A Oo65" IoDo 
GLASS TUBE AT A REYNOLDS NUMBER OF 7120 
The average amplitude of 
fluctuation was about 1/5 
the diameter of the fieldo 
The slowest observable par-
ticles took much less than 
one second to cross the fieldo 
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Only traces of particles 
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axis of the tube were visibleo 
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Single particles were 
barely distinguishablep 
indicating a higher velocity. 
for non~wetted than for 
wetted flow at the same 
point and Reynolds Numbero 
The average amplitude of 
fluc~uatLon was about 1/4 
the diameter of the field. 
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CONCLUSIONS 
1. Inside film heat-transfer coefficients for the non-wetted water-
teflon system are approximately 40% greater than those for a wetted 
water-metal system or those predicted by the Dittus-Boelter equation. 
2. A higher fluiu velocity and a greater degree of instability of flow 
exist within the laminar sublayer for non-wetted than for wetted 
flow, Reynolcs Number of the flowing fluid and distance from the 
conduit wall being constant. 
3. The higher velocity and the greater degree of instability of flow in 
the laminar sublayer for non-wetted than for wetted flow are the 
cause of the higher heat-transfer coefficients obtained for non-
wetted flow in this investigation. 
4. A laminar sublayer exists for both wetted and non-wetted flow, but 
fluid particles within the laminar sublayer do not travel in a 
straight line path above a Reynolds Number of about 2000 for non-
wetted flow and 2400 for wetted flow. Rather, they travel in a 
modified sinusoidal path, with the amplitude of fluctuation of the 
path determined by the Reynolds Number of the flowing fluid.. 
5. Total slip definitely exists at a conduit wall for non-wetted fluid 
flow and possibly exists at a conduit wall for wetted fluid flow. 
J 
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NOTATION 
A. Symbols 
A = Area in ft2 
CP = Specific heat at constant pressure in BTU/#. °F 
D = Diameter in ft 
f = Fanning friction factor 
G = Mass velocity in #/hr.ft.°F 
h = Individual film heat transfer coefficient in BTU/hr,ft2.°F 
k == Thermal conductivity in BTU/hr.ft. °F 
L == Tube wall thickness in ft 
PR~ Prandtl Number= Cpl' in dimentionless form 
k 
R = Resistance to heat transfer in hr.ft2.°F/BTU 
RE= Reynolds Number=.!..!£ in dimentionless form jJ. 
s = Inside cross-sectional area of tube in ft
2 
T = Temperature in °F 
U = Overall heat transfer coefficient in BTU/hr.ft
2
.°F 
v = Linear velocity in ft/sec 
w = Mass rate of flow in #/hr 
y = Distance from tube wall toward center of tube in ft 
jJ. = Viscosity in #/ft hr 
e = Density in#/~ 
40 
B. Subscripts 
b = Property evaluated at bulk temperature 
i = Property evaluated on inside wall of tube 
1M = Logarithmic mean value 
l ' 0 = Property evaluated on outside wall 
of tube 
·i· 
., 
I~' 
\:~ s = Property of steam 
w = Property evaluated at wall of tube 
\ 
'· 
SAMPLE CALCULATIO:t-5 
A. Calculation of Overall Heat-Transfer Coefficient 
The following calculations were made from the data of Run 1, 
Table III. 
Data: T
1 
= Inlet water temperature= 80.05 °F 
T
2 
= Exit water temperature= 84.90 °F 
Ts= Steam condenslllg temperature= 100.14 °F 
Flow rate of water= 7.44 GPM 
I.D. of tube= 0.775 in 
o.D. of tube= o.875 in 
Length of tube in colorimeter= 6.0 ft 
CP for water= 1.00 YJr.U/#·°F 
e for water = 62.3 #/ft3 
Calculations: 
A
0 
= Outside tube area • ,rDJ, = (3,J.4)(0.B75 in)(6.0 ft) • 1,144 ft2 
(12 in/ft) 
s = Inside cross-sectional = ll"Di
2 
= (3.14)(0. 775 in)
2 
= 0.00327 ft
2 
4 576 
v • Average water velocity-• (7,W. GPM)(0,1336 ft3/gal). 5,06 ft/sec 
(60 sec/min)(0.00327 ft2) 
T
5 
- T1 = 100.14 - 80.05 = 20.09 °F 
T
5 
- T
2 
= 100.14 - 84.90 = 15.24 °F 
T8 - T1 20.09 °F 
Ts - T2 = l5.24 aF • 1.318 
_) 
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w ~ (7.44 GPM)(8.J2 #/gal)(&J min/hr)• 3720 #/hr 
q m w Cp (T2 - Tl) ar (3720 #/hr)(l.00 :.~F)(4.85 °F) c: 18,030 BTU/hr 
u
0 
= q = 18,030 BTU/hr = 750 BTU 
A
0
6 TLM (1.144 ft2)(17.57 °F) hr. °F. ft
2 
B. Calculation of Distance From the Tube Wall for Slowest Observable 
Particle in Wetted Flow 
Data: Reynolds Number= 3170 
Field Magnification= 100 
Diameter if Field= 0.053 11 
Time for slowest particle to cross field= 4 sec 
Calculations: 
v"' (0.053") ... 0.00110 ft/sec (4 aec)(l2 in/ft) 
v • (Re)(fi) • (3170)(1.14 cp)(l2 in/ft) m: 0.719 ft/sec 
avg D (1488)(62.) #/ft3)(0.65 in) 
From reference (6) , page 173 for smooth tubes: 
f O 00140 
0.12, 
a • + Reo.3~ 
11. 0.125 f c: O.OOJ.40 + O )~ ar 0.0109 (3170) • 
V* • Vavg V r/2 • (o. 719 ft/sec)~ o.o~09 • o.OS30 ft/sec 
v+ ,. !,_ s 0.00110 ft/sec m: 0•0208 
v* 0.0530 ft/sec 
'' . ! 
,, 
! 
1· ~ 1,, 
. 1· 
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In this region of now below y+ = 5, v-+- = y+ holds. 
Thus, y+ = v+ = 0.0208 
y+ = l. v;'l- e and y = y+ ,1-t 
~ v*e 
y = (0.0208)(1.14 cp) = 4.82 X 10-6 ft 
(1488)(62.3 #/ft3)(o.053 ft/sec) 
I 
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